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PHOTOSENSITIZED OXI'JATION OP UNSATURATED POLYMERS 


Morton A. Golub 

Amos Rosonrcli Center, National Aeronautics ami Space Administration, 
Moffett Field. California 94035, USA 


Abstr act - The photosensitized oxidation or singlet oxygenation of unsatu- 
ratsiTTiydrocarbon polymers and of their model compounds is reviewed. Empha- 
sis is on Work in this laboratory on cis and trans forms of 1 ,4-polylsoprene , 
l,<l-polybutadiene and 1, 2-poly (1,4-hexadlene), and on 1 ,4-poly(2,3-dimethyl- 
l ,3-butadlene) (cis/trans ratio M;3). The microstructural changes which 
occur in these polymers on reaction with *02 in solution wore investigated 
by infrared, *11 and ’^C NMR spectroscopy. The polymers wore shown to yield 
ollylic hydroperoxides with shifted double bonds according to the "eno" 
mechanism established for simple olefins. A convenient infrared measure of 
polymer hydroperoxidation was afforded by the absorbance ratio, Aa.g/Ao.g = 
A', Smooth correlations of A' with oxygen uptake were obtained with chioro- 
phyll or methylene blue as photoseasitizer, but Rose Bengal gave erratic 
A '-02 uptake data indicative of autoxidation accompanying the hydroporoxida- 
tlon. Tlie photosensitized oxidation of the above unsaturated polymers ex- 
hibited zero-order kinetics, the relative rates paralleling the reactivities 
of the corresponding simple olefins towards * 02 . Two other polymers, 1,2- 
l.olybutadiene and 1 ,2-poly(trans-l ,3-pentadiene) , showed negligible reac- 
tion with * 02 , reflecting the extremely low reactivities of their simple 
olofin analogs, Tills work demonstrated that singlet oxygenation of unsatu- 
rated polymers does not differ fundamentally from that of their low molec- 
ular weight analogs; such differences as do arise are due to secondary pro- 
cesses affecting the *02-reactod polymers. The occurrence of degradation 
in singlet oxygenation of unsaturated polymers is discussed. 


INTRODUCTION 


During the past decade much interest has been shown in reactions of singlet oxygon C*02) with 
a variety of compounds, including polymers, both saturated and unsaturated (!]. In fact, two 
international conferences were held recently on this subject, one in Sweden in 1976 (2) and 
another in Canada in 1977 (3). Important papers bearing on the reaction of *02 with unsatu- 
rated polymers or their model compounds wore presented there b> Rabek and Ranby Cl.'l.Sj, Ng 
and Guillot (6,7), and by Chalneaux and Tanielian [8,9). Concurrently, work in this labora- 
tory on the photosensitized oxidation of 1 ,4-polyisopreno and 1 ,4-polybutadione was reported 
at two meetings in the USA (10,11). Since then, additional related work has been performed by 
those researchers (12-16) and by us (17). The present paper surveys this literature, with 
emphasis on the spectroscopic analysis oc various unsaturated polymers before and after reac- 
tion with * 02 , and on the relative reactivities of such polymers towards *02 vis-a-vis their 
simple olefinic analogs. 


Interest in the photosensitized oxidation of unsaturated polymers arose from the realization 


that molecular oxygon in its lowest excited state (*Ag,* 02 , with energy of 22. S kcal/mole 




above the ground state, ",^ 02 ), which is extremely^reactivo towards olefinic compounds 


(18,19), is implicated in ‘’the surface aging or oxidation of unsaturated polymeric materials 
exposed to air and sunlight. The topic of singlet oxygenation of such polymers is but one 
aspect of the larger subject of photodegradation, photooxidation and photostabilization of 
polymers (20) which is very important from the practical standpoint. The photosensitized 
oxidation of unsaturated polymers, to the extent that it involves * 02 , is assumed to yield 
allylic hydroperoxides with shifted double bonds, according to the "one" process; 
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established for simple olefins (18,19). Reaction 1 is to be distinguished from the autoxida- 
tion of olefins which involves and leads to the formation of allylic hydroperoxides with 
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Hcsidos the rue reaction, there .ire th.» other reaitions in which 'o_- can take part: enJojH’r- 

ociJe nynthed* hy 1,4 addition to ci« l,.t diene* (reaction .t), and dioxetane »vnthe*is by I,.’ 
addition to an actuato.l l'*l' double Nmd (reaction I. where P • electron donor »iib»t Itin'nt ) ; 
neither of the*e reaction* ha* iH'on observed in photosen tit i:rd oxidation of imaatiirated 

IHilymrr*. 


I I 



lliere ha* been cont roversy concerning the mechani*n for reaction 1. whethe. it involve* a per 
e|vxide, dioxrtane or an I'lie reaction, but the consensu* now Is that It Involves a concerted 
"ene" prv'cess. Ihe singlet oxvgeii may In* generated by nicrowave discharge, pholosensit i:a- 
t ion or by various chemical means in situ, Mthough singlet oxvgen can also exist in a higher 
excited state l’,').*, with J'.S kcal ’nwvliO , it is generally accepted th.it all of the cheraistrv 
induced bv 'll,, in solution, and essentially all th.:t in the gas phase, I* due to the *A|.,*0,> 
state; hence, the latter term (or stm|ily *0.'l and the term "singlet oxygen" have becoita* 
synonymous (.’ll. 


1.4.|MmSill’Kl.Nf 


lliree double bond shifts are (wissible for the reaction of 'o> with 1 ,4.polyisoprene (I'll’); 



kaplan and kelleher l^.;) in lil'J presented evidence for one of those shifts, namely, to exo 
methylene groups (.1) in the singlet oxygenation of sqiiilene (Slj), a hexal soprene with trail* 
internal double b,<nds , which r.iy be considered a model compound for I’ll’. Several years later, 
we showed that t r.ins I’ll’ and .'<(< wer*' alike in exhibiting the three (wissible double Iwuid shifts, 
while cis t’ll’ gave m,iinly I and ^ and very little .4 (ll>). 't about the same time, v'haine.iux 
and r.inielian (S) presented evidence for all three d.nible bond shifts in the reaction of *0. 
with I methyl l.octene and 4,.s dimethyl 4, H dodec.utlene, com|<ounds which are mono- and di- 
isoprenic models of I’lr. Still later, \g and I'.ulllet f’) obtained comj'.irable results for 
I methyl I oct ene. 

Ilgiire I shows the IK changes accompanying the singlet oxygenation of cis-t’ll’, with chloro 
phyll (iLi as photosensit t:er (ll'l. flie nujor changes are development of strong b.inds at 
.’.u t,m (iXill) and 10. .4 urn (trails ■l'll*lll-, as in 11, an.l net decrease of the l^.O-um band 
( i'(i4l|)w('ll-, as III unreacted imits and in J). Ihe broad but weak absorption at 11.4 wm 
( ■(■(•l-ll_. ) - , a* III 41 suggests that exomethylene groups, though present, are not im(iortani; 
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M(. 1. IR >pi‘ctrj of ci«-l'IP I'fforc ( — ) jnJ 4ftor ( ) L'L-phutotrnsit i:rJ oxiJjtton, 

thi» IS consistent with the fact that the b.O-usi peak (internal l>n >acks a shoulder at 
f».l (external l«C). fhe shiit to J, although masked at IJ.O i^m hy the loss of ortiiinal 
-C(Olt)-ai. units, is definitely indicated by 'll \MK, as discussed below. Ihe weak absoip- 
lion at 5.8 i.si is dm* to residual ll. in the cast film of 'o... reacted cIs-PIP. hhen methylene 
blue (MB) was used as photosensit i:er, the S.8.|jm peak was absent and another peak appeared 
instead at b.J'’ um which could be removed b> washing the film with siethanol. Otherwise, the 
IR s|Hfctra obtained with MB were essentially the same as that shown in Fig. I for I'l. photo- 
sensit i:at ion. Rose Bengal (RB), on the other hand, gave rise to extraneous absorptions at 
9.3 and 9.9 urn (cyclic iwroxidesj, indicating that sensit i:er- induced autoxidation occurred 
alongside the singlet oxygenation. 

It should be stressed that the IR spectrum of 'iK-reacted cis-PIP tvpified by Fig. I is fun- 
d.imentally different from the spectra of thermally or photochemical Iv oxidited cis-PIP 
which show broad intense absorption throughout Ihe 7-1.’ urn region (due to C-O groups) which 
masks the imsaturat ion bai.ds of interest. 

*s shown in Fig. 2, trans-PIP and SQ exhibit very similar IR changes as a result of MB-photo- 
seiisitiied oxidation (10). Similar spectra were obtained with ft photosensit i:at ion, while 
RB again gave indications of autoxidat ive side- react ions with trans-PIP but not with S(J. The 
two trans isoprenic com|>ounds show not only the development of strong bands at 3.9 and 10. .1 gm 
and the diminution ol the ll.9-gm band, by analogy to cis-PIP, they also show important ab- 
soryttion at II. I and b.l gm, indicative of structure S, These last two bands were previously 
noted by k.iplan and kelleher (33) and, in fact, the 'o^-reacled .SQ shown in Fig. 3 is effec- 
tively the hydroperoxide counterpart of their SQ-monoalcohol obtained through singlet oxygen- 
ation followed by reduction, 

R.ibek and Runby (l.t) recently presented an IR spectrum of cis-PIP after MB-photosensit ized 
oxidation which, although similar to Fig. I. shows a more definite II..T-gm band, and hence a 
relatively larger amount of .t. Whatever the explanation for this difference, the IR spectra 
for *0,-reacted cis-PIP point to I as the major and 3 and 3 as the minor products, a qualita- 
tive distribution suggested also by Ng and Dull let (?) by analogy to 4-methyl -4 -octene . 

A convenient measure of the degree of h.vdroperoxidat ion is given by the ratio. ,/A^ , . A', 
where the b.9-gm band (die bending vibration) is an internal standard. The '0,-reacted cis- 
PIP in Fig. I, with A' • 0.7b, was obtained for an oxygen uptake of 0.37 fl^/monomer unit. As 
shown in Fig. .3. a smooth plot of A* versus 0, uptake was obtained for cis-PIP with MB or CL 
as photosensitizer (10), and similar plots were obtained for trans-PIP and .SQ. Oata for RB 
were erratic, often falling to the right of the curve in Fig. .3 due to autoxidatlve effects, 
and were therefore omitted. The single data point for tetraphenylporphine as sensitizer, 
which fell nicely on the A*-0- uptake plot, was obtained in a different laboratory (35). An 
('bvious advantage ot this plot is th.it, once obt.iined, it affords an est invite of the hydroper- 
oxide content without recourse to chemical methods such as lodometrv 

A sample of polystyrene. bound RB (3b). In common wit) free RB. gave rise to concurrent auloxi- 
d.it ion .ind singlet oxygenation when used a.-> photosensit Izer for cis- and trans PIP. Moreover, 
the rates of 0; uptake by PIP in the case of polymer-bound RB were much lower than'ex|>ected 
(10); on the other hand, the free and polymer- bound RB dyes gave normal singlet oxygenation 
of SQ. unattended by autoxidat io.n, and at comparable rates. Fvidently, RB, free or iKilnsor 
Iwnmd, reacts with PIP to produce polymierlc radicals which, in turn, yield peroxy radicals 
and ensuant autoxidation The rather low efficiency of the bcnind RB for photesensit i zed oxi- 
daticm of PIP. in contiuC to that for SQ and other low molecular weight olefins (3b). is 
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il([. IR »|Hfctra of (A) tran«.riP and (HI .S*} boforc (---) and after ’ 
Mb-ph.>to<>rn»it i:rd oxidation. 
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li(! t *11 NMR s|Wi'tra of cl»-Pir before (---) 

ana after ( 1 n.-photo»en»it l:ed 

oxidation, eorrespondinc to Hk, 1. 


apparently due to the need for the xubstrate to diffuse into the insoluble sensitizer bead, 
Mhirh IS much more difficult for a nacromolecule than for a small molecule. 

Fisure I shows the *11 NMR spectrum of *Oj-re.icted cis-PIP corresponding to the IR spectrum 
in liR. I. New reson.inces appear at I. JO (Olj-^-O-), J.RO (•t!-l'll;.C«) , 4.20 l-l'H-0-1 and 

S.N4 ppm I-Ol'lll-), while the orlcinal resonances at 2.05 ( and 5. 12 ppm arc 

correspondinuly decreased. AnaloRous NMR changes were observed for trans-PIP and SlJ, except 




that (h« l^ttvr iToi^H'iinJ* j|*o <<h<HirJ nm r«»on4ncrt jt 4.x. 4. 9 ( -i'( >011^0 .) . *11 

\MK Jji4 «urp»rl the IR tnJicjlion* of Joiihlc bond uhlfl* (to I in ctx.Pir, i.nj to I onj 5 in 
tran» riP xnJ Si}), jnJ ruixbltih the foniut (on of ^ In xtl three co^H'utnlx : the S.S4 xnJ 4.R. 
4.9 ppn re«on.ince« xixnily I unj .4, respectively, miJ the ^.XO ppn resonance correspimJs to 
"sliipped" wthylenes resultlnx fr»*« shifts to I or ! (xs in or The '0<.re4cteJ cis. 



PIT (Tlx*. I onj 4) h4S orlxin4lly estlsuted to hove obtnit equol osniunts ot I oiiJ ' nlth nex* 
tiXtble .t, nhlle the *0;. reacted trans.PIP (Tix. no* estisiated to haie idX^ 1, 2 and 

2i>\ S (10). Recently, S|, and (Hiillet (',1b) presented a *H VIK *|«ectrua of *0.-.rcacted cls- 
PIP (obtained slth poivsti reiie-bound KRI nhlch, althouxh otherwise sinllar to I lx. T, dis. 
pli led 4 definite add tional peak at I.X.4.9 ppsi Indicative of sosie .t formed in their hvdro- 
perosidued cls-PIP. 

Typical • ’C spectra of ’o>. reacted cls-PIP, before and after reduction, are shown i Tlx. *• 
these spectra were obtained with I'l or '» a* photosenslt uer, but not HB. The latter dye pro 
duces extraneous resonances at vmi.xS ppm reminiscent of the |veroxidc 'hvdroperoxide/alcohol 
resonances at >70-90 ppm in the * V spectrusi of thersully oxidced cls-PIP (.’7). Tixure S is 
consistent with Tix*. I and 4 in shtiwinx very little doul'le bond shift to i in cls-PIP com- 
paied to trans-PIP or S<}. Thus, the lt.t-110 ppm resonances are surkedly weaker in cis-PIP 
(Tlx. l*'4n in trans.PIP or Sij (llx*. b and 7). Tixures are Interestinx also In pro- 
vidmx ^ data on the effect of convert inx a hydro|i« reside to an alcohol xT"bP In isoprcnic 
com(Hninds: there is an upfield shift of .4 ppm for esomethy lene carbon resonances in PIP and 

.'Mj; and an upfield shift of Id ppm in cls-PIP and 14 ppm In both trans-PIP and Si}, for the 
owxen-bearinx c.irbon resonances. Similar upfield shifts of 'Id-l.t ppm were observed for the 
-^-0- resonances In various t-alkvl hydroperoxides on reduction to the correspondinx alco- 
hols (JR). 
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•V NXIK spectra of ' 0; - reac t ed cls-PIP before (4) and after (B) reduction 
with N.iBII... Spectrum A corresponds to Tixs. 1 and 4. 
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Fig. 6. ’ *C SMB »pectra of ‘O^- 

• * reacted trans-PIP before (A) and 

after (B) reduction with SaBM.. . 

4 ^ SpectruM A corresponds to upper 

solid spcctnisi in Fig. Z, 
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Fig. 7, '^C SMB spectra of *Oj- 

reacted SQ before (A) and after 
(B) reduction with SaBII^. Spec* 
trum A corresponds to lower solid 
spectrum in Fig. 2. 
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Ihe *’C spectra in Figs. 6 and 7 reinforce the similarity of trans-PIP and !»Q in their reac- 
tions with *0;. Moreover, the resonances at 113 ppm can be assigned to the exomethylenc 
carbiin in an internal isoprene unit, while the resonance at 114 ppm is assign-shlc to the 
corresponding caroon in a terminal isoprene unit (as in SQ). Also, the resonance at 148 ppm. 


a*»o«i«t«d kith the caH<on attached to the eaoaethylenc carbon, la ahlfteJ Jokiifteld by 4 i>jm 
in both trana-TIP and SQ u|>on reduclnf the hydr\<peroalde to the alcohtl. 

MliWL iX»rffllM>S OF l,4.rOLYtSOPRISI 

Taniettan and Chatneaua (t*.il>14,IS) carried out an extenatve study of the RR-photosenalt lied 
oxidation in ■ethanollc solution of 4>iaethyl-4-octene (Ml4) , 4 ,a.dlisethyl -4 ,R-dodecadlenc 
(IMHI) , ^,Ci-dlaiethyl.J,b-octadirne (IMMl and J,'-dlsirthyt>>,b-octadlrne (t>Ml<()) , as PIP aiodel 
confiounds containing one isoprene unit or tuo such units in head-to-tall or head-to-head 
arrangeaent . Fheir study provided further insight into the singlet oxygenation of PIP nonoswr 
units that could not be readily obtained frosi work on the polyners theaselves. For the 
reaction; 

I o 

IHIM OOM l\)H 

MO 4 b 6 

the distribution of shifted double bonds varied with the stcreochealstn' of the starting 
olefin (Table 1). The tendency for the relative yield of the exoaethylene structure b to de- 
crease wltli Increasing els content of the Initial olefin parallels the situation with cIs- and 
trans-PIP co«'cemlng the corresponding structures S. Ik'weier, the coaparison breaks down with 
regard to the corresponding structures S and ^ (‘’f 4 and JJ , and this is perhaps a reflection 
of the different solvents used for the and PIP studies. On the other hand, the distrilni- 
t ion oitained by hg and laiillet (7,1b) for the singlet oxygenation of Ml' with unspecified 
cis-trans content is alaost identical to that obtained by us (10) for trans-PIP, but i^uite 
different froa the distribution obtained by Tanielian and Chaineaux, It should be added that 
the latter workers (15) found the relative reactivities of trans- and cls-Mii towards *Oj to be 
"vl. 7:1.0, which agrees very well with the corresponding ratio of <.1.5: 1.0 obtained by us for 
trans- and cis-PIP (10). 


TABLE 1 0 istnhulion of Shifted Double Bonds m Vsfiuus Isoprene 

Compounds on Reaction «vith *0^ 


ComiKiund 

Oi 

14 or 11 

Percent Distribution 
Tri 

16 or 2) 

Exo 
1$ or 31 

Rel 

10(N ttans MO 

41 

11 

48 

8 

46\ liant, 54\ cis MO 

B3 

B 

38 

8 

2SSi Irani. 76N ci| MO 

60 

7 

33 

8 

I0<>N> CIS MO 

66 

6 

28 

15 

CIS ♦ Irani MO 

46 

26 

28 

7 16 

trans PIP 

48 

76 

26 

10 

CIS PIP 

47 

47 

6* 

10 


maior 

minor 

minor 

7. 16 


*Newi estimate made foi this Miork 


Tanielian and Chaineaux (R.IS) showed th.it a second addition of Uf- can occur in MO, but only 
through the intermediacy of the nxniohydrc’peroxide having the t ri subst ituted double bond (SJ , 
inasanich as the dl subst ituted and exomethylene double bonds (in £ and i^ are considerably 
less reactive; 

(H)H , OOH OOM 

\J~(-/ =)K-v • 

/ OOM \ 

5 ; OOH g 

Ihey also found that the t risubst ituted double Kmd in S was deactivated by the allytic OOH 
group such that reaction S (yielding 7_ and 8 in the ratio of 1;4) was about I/CO times as 
fast as reaction ". 

The diisoprenic model compound, 1WI>, was shown to yield on singlet oxygenation all six (>ox- 
sible monohydropcroxldcs (t> through ^) (8). Furthermore, on the assum|>tion that the trisub. 
stitiited double bonds in these products are the only ones likely to react with additional *0,., 
there are nine possible dihydroperoxides from IWIU', of which four were positively identified 


» 


(15^ through 18J anti three aere preauaed to have been fonaed f i9, 20 and 21^) on the batla that 
the trthydroperoaidea 24, ^ and ^ were recovered froa ext- nifed pkotoaenait ited oxidation of 
l»€i|< (8). 



In every one of the hydropcroxidtzed products identified, the new disubstituted double bonds, 
where present, wore in the trans configuration. Reactions lOa-c showed that diaddition of 'Oj 
to the same isoprene imit is possible but only to a hydroperoxidized mitnomer unit that con- 
tains a t risubst ituted double bond. However, no dihydroperoxides were obtained from PMHI' in 
which the diaddition of *02 occurred in the same isoprene unit while the other unit was left 
unreacted. This result is in Keeping with the deactivation of a double bond by an allylic 
0011 group. 

Tanielian .rnd Chaineaux also showed, using liMl'Ii (8) .md HMOH (U), that the iw hanism proposed 
by Kaplan and Kelleher (29) for singlet oxygenation of 1,4-polybutadiene (reaction 11) was 



9 



very unlikely. Thus, the tllhydroperoxlJe ^ hat a conjugated diene structure appropriate for 
undergoing reaction 11, but no dihydroperoxyendoperoxide of OMPP was letected. Likewise, In 
the singlet oxygenation of MMOP: 



OOH OOH 
29 


the dihydroperoxide ^ (with a conjugated diene structure) was obtained in fair yield, yet it 
could not be further singlet oxygenated to an endoperoxide. The failure of the dihydroper- 
oxidet ^ and 2T_ to form endoperoxides (despite the well-known tendency for 'o^ to react with 
a conjugated diene by 1 ,4. cycloaddition (21)) was attributed to their acyclic structure and to 
the deactivating effect of the allylic OOH groups (9), Results analogous to those of 1)MDP and 
IMM) were also reported for PHM (14). 

1 .4-POLYBirTAOItNE 

Returning to the unsaturated polymers, we note that because of symmetry in the 1 ,4 -polybuta- 
diene (PBO) structure, only one double bond shift is possible for the ^0; reaction with cis- 
(or trans-) PBP: 



OOH 


A number of papers have been coni •■•med with this reaction, and many of them ( 1 ,4 ,22 ,29..TJ) 
have noted formation of hydroperoxide groups (revealed by new absorption at 2.9 urn in the ATR 
•'r transmission IR spectra of 'Oj-reacted PBP), but presented no evidence for the concomitant 
double bond shift. With the aid‘of IR and 'll and ' ’C NMR spectroscopy, we showed that reac- 
tion 15 indeed described the photosensitized oxidation of PBP and, moreo%er, that the shifted 
double bonds are virtually all-trans (11). 

As indicated in Fig. 8, the singlet oxygenation of cis-PBP, with MB as photosensitizer, gave 
rise to new strong bands at 2.9 (0011) and 10.3 um (trans -CII*QI-) and a decrease of the 13. b- 
um band (cis -CII*CH-). CL photosensitization gave similar spectra, but RB again gave extra- 
neous bards due to autoxidative side-reactions (11). IR spectra of cis-PBP, after MB- 
photosensitized oxidation, were also presented elsewhere (12,13), but these do not show the 



10 





Fig. 8, Ik spectra of cl*>PBt) before (•••) anJ after ('— ) Mil>photo»ensit i:e«l oaitlatlon, 
large amount of double bond shift evident in Fig, 8. 

Although the IR spect ruai of trans-PBP after MB-photosentlt i:ed oxidation (Fig. 9) IlkcMise dis 
plays the 2.9.um band, there is no change in intensity of the lO.S-wm trans band nor growth of 
a 14.0>um els band. This is in accord with reaction 13 where the shifted double bonds have 
only the trans configuration. The b.O-um absorption is due to the C*C stretch of trans 

the sysMetry of which is perturbed by the allylic OOH groups. The peak corre* 

sponds to residual MR, .Spectra similar to Fig. 9 were also presented by Rabek and Ranby (4,3^ 
33). 





l**EkUB8[R.cm-i 

Fig. 9. IR spectra of trans-PBP before ( — ) and after (— ) MB-photosensitiicd oxidation. 

That the new disubst ituted double bonds formed in reaction 13, starting with either cis- or 
trans-PBI', are all-trans is in keeping with the results indicated earlier for singlet oxygen* 
ation of l>Ml)t) (R) as well as those for other isoprenic sodel compounds (9,14,15) and various 
simple low molecular weight olefins (.34). 

As with cis-PIP (Fig. 3), the degree of hydroperoxidation in cis>PR0 is easily followed by 
means of the parameter A' I A^.a/Af^a (Fig. 10). Good correlations of A* with 0; uptake were 
obtained with MR and CL, but not RR (11). The single data point for tetraphenylporphine was 
again based on an experiment performed in a different iaboratory (25). 

The NMR spectrum of ^Oj-reacted cis>PRtl (Fig. 11) offers additional microst ructural infor* 
mation. Besides the 2.1 (-CHjC*) and 5.4 ppm (-CH*) resonances of the unreacted cls>PRI), the 
spectrum shows a broad resonance centered at 1,7 ppm (-aij-C-0-) and other new resonances at 
2.8 (»t-Cll 2 -iw), 4.3 (•Cll-O-), and 7.8 ppm (-^-00*1). Characteristically, the 7.8 ppm peak can 
be removed by washing the Ul NMR sample with D;0, 

Typical NMR spectra of ^Oj-reacted cls-PBP, before and after reduction, are shown in 
Kg. I* (35). Substitution of -Oil for -OiTH shifts the 4 peak at 86 ppm upfield by 13 ppm (to 
4'). and the y peak at 34 ppm downfield by 5 ppm (to y'), displacements which reinforce the 
assignments given. Similar upfield shifts of ‘vl2-14 ppm were noted earlier for the analogous 
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Fig. 12. ”C NMR xpectra of ’Oj- 
reacted cia-PRO before (A) and 
after (B) reduction with NaBHi,. 
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shows only one resonance for -i-OOH and only one for -C-OH, not two resonances (-n-S ppm apart) 

for each of these carbons; this is in line with our observation that the shifted double bonds 
in reaction 13 have but one isomeric form, namely, trans. Likewise, the spectra of *02- 
reacted trans-PBD, before and after reduction (11), displayed a single 6 peak (at 86 ppm) and 
a single 6* peak (at 72 ppm), in accordance with the trans-only nature of the shifted double 
bond. Furthermore. Fig. 12 contains no unassigned resonances indicative of the endoperoxides 
(reaction 11) proposed by Kaplan and Kelleher (29) for *02-reacted PBD; as we saw earlier, 
such structures were dismissed on the basis of model compounds (8,9,14,15). 


-i-0 


1.2-P0LY(1,4-HEXAD1ENE)S 


Having examined the singlet oxygenation of PIP and PBD, polymers with C=C bonds inside the 
main chain, we now consider two polymers, with C«C bonds outside the main chain, which are 
quite reactive towards 'Oj (17). These “it cis and trans forms of 1 ,2-poly( 1 ,4-hexadiene) 
(PHD) derived from stereospecific 1 ,2-pjlymeriiation of cis- or trans- 1 ,4-hexadiene; 


1 2 3 4 5 6 

CHj=CHCH2CH=CHCH3 

4 ci$- (or • trans ) 


^ I 

CH, 

I 

CH 

II 

CH 

I 

CHj 


cis- (or trans ) PHD 


(14) 


The cis contents in these polymers were initially 90.21 and 3.8°-, respectively. On MB-photo- 
sensitized oxidation, cis- and trans-PHD yielded allylic hydroperoxides accompanied by double 
bond shifts to new vinyl and trans vinylene units via reaction 1. 

The important IR changes observed for the cis-PHD-*02 reaction (Fig. 13) are decreases of the 
14.4- and 6.1-iim bands (both due to cis -CH«CH-) , increase of the 10.4-um band (trans 
-CH=CH-), growth of the 10.9-iim band (-CH=CH 2 ), and development of the strong 2.9-um band 
((WH) . The product shown in Fig. 13 contained 0.32 02 /monomer unit and had an A* = 0.78. 

The IR spectrum of *02-reacted trans-PHD (Fig. 14) similarly shows new bands at 2.9 and 10.9 
ym, but no change in intensity of the 10.4-ym band nor a new peak at 14.4 ym. Thus, once 
again, the shifted vinylene double bonds are virtually all-trans. The product shown in Fig. 
14 contained 0.30 02 /monomer unit and had an A' = 0.34. 

Figures 15 and 16 show the * spectra of *02-reacted cis- and trans-PHD with assigii'-.ieni s of 
the impor:ant peaks (17). The two peaks labelled Ic and 1-j- in Fig. 15 (cis and trani 
0(3-CH=CH-, respectively) were present in the spectrum of the initial cis-PHD where they had 
the same ratio of intensities as indicated here; no Ic peak is present in Fig. 16 but it was 
barely detectable in the spectrum of the initial trans-PHD. These ’ NMR results conform to 
the expected absence of cis-trans isomerization of the original -CH=CH- double bonds on 
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Fig. 13. IR spectra of cis-PHD before ( — ) and after ( ) MB-photosensitized oxidation. 
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rr^ktion ullh Stiu'r I In*. IS anj |h «hok l)iv miK' Ibo l' <liWI rvxonancr* al R.’ and 

RS !<(« (R.t and >,4, if>«|HPCt Uviy) and Iha aaar Ihrr* olrflnki' larKm rrstmanin* U.n.R; 
*.C.nl. It foIlKkb that Cla> and trail* ni|i Bu«t virld thr *a*ir tno htdr«'|<crt<<idlti.'d prinliKt*, 
a* 'hoan ««n thv t'lRurv*. Ihc rat l>>« of non vin»l to nra trail* vinvirnr doul'lr bond* In W\ 
roaitod ri< and tran*>l*IH> noro «*tlaatpd, f roa tho area* iindvr tho RJ- and RS ppm iipaS*. a* 

1,0 I ■» and l.l••J.J, rrappi t Itrly 

\ koa|iaraliir iinotlc *tudv of thr MR.phi<lo*rn*ll l:pd okidalion of I1U>, l’RI< and It* hoatiloR, 
|H<lv|H'nlrnai*rr, mralod a cimalalrnt tendm^v for ‘O to rrart naK'h faatrr blth vl« than hllli 
trail* ill'k M doubir Innid* hliolhrr Iho uii*aturat i%<ii I* in thr |H>lvarr bacSbtMip or UH'atvd in 
thr iirndriil |troii|< M'l. rhu*, thr rrlatur ratr* for ainjclrt o*V|rnatlon of cl* and Iran** 
nili had a rat*<> of vA.R 1.0, uhltr thr corrr«|xnidin|t ratio* for PlU and pt>lv|»rnlrna*arr nrrr 
(I I and vS I, rr«|>rct Itrly, Morroirr, clifl'IU', ci* |Htlv|H'nlrnai*rr and cl* I'RP arrr found lo 
ha\r approkiaulrly the saar *liiRlvt o*V|;rnal Ion ratr*, lltr-ip boiiiR In thr order of 
>l..t I -••l.o 


1.; iDnMiuiMiM ; I , mn i IIU.NS i..t-riM\imM ) 

lliillkr cl* ind Iran* rill', tao other |iotiiia-r* mih prudent doul’lr bond* brrr >jullr unrractltr 
tokard* ’|V, thr*r nerr 1,^ |H’I ibuladiriir |\RI>) and 1,^ |Hi|v|lran* I ,S-prnl adirnr) lll’l’i: 



khrir H • H or ill), rr*|H’cl ixriv. VB|i had prrtioualv born rr|Hirtcd to l>r inert tokard* 

i.’*l|. but IK eitdence ka« offered recent l« for an r\trri»elv »li>k reaction the *pectrua of 

^1; reacted IRI'. kith •0.0.’ 0_. aoiioaer unit, clu’ktd a \eri keak iMI ab*or)<t ion al .’.9 ua (l.’t. 
Ih’kexer, there kere no IK change* indicatixe oi the t ri*iib*l i luted double bond* ex(iecied froa 
reaction I Ihe xerx tok i\. uptake, together kith llw relatlxeix lok extinction coefficirni 

for the I.' ka band ( i i’ll ), doubt |r** aililated .i|;ain*t dirrct IK ex i deuce lor shifted double 

K’lid* ke obtained a s|H’ctrua lor VR|i after prolonced|t realaeni kith *il.- khich kas siailar to 

th.il of I IK J III Kef. I.’, but kere unable lo detect .I’-ikKI resonances in the correspondliiK 

’ 'f spectriiB Ke therefore conclikled that .here k.i» iieKllKlble \BI> 'o- react ion (.fl. Ihe 
saae coiulusion ka* reache’d lor H'|i the IK spi'i'triiM ot' tb * {’••Ixarr alter extended exposure 
lo *0.., Iiki-kise displayed a xerx seak .’.i |,a band, but Rave no indication* of nek vinyl or 
t ri subst It lit ed double bond* in line kith react ion I; fiirlheria’re, the correspoiuliiiK *V 


speciriia lacked Ihe charac ter I st I c 


X iKKI resonaiue* 
I 


I t') . 


Since Ihe rel.ilixr rractixilie* of siaple olefin* lokard* *|t.- are in the order, teira > In- » 
d iMibsi 1 1 lit ed , kith xinxl or iik’no*ubst i luted double no.ids beiiiK essentiallv iinreactixe 1'1,'R. 
'■•), It I* not siirprisiiiK th.it \H1* shoked neKliKihle *ini'le! oxvKenalion. In tact, K.ibek and 
K.nibx il.'l even *UKKe*ted that the obserxed i>. uptake bv fheir )B1> alKht have lu’en due to Ihe 

I. I double l>ond* present as a »iinor structural impiirilv, rather than lo the 1.^ double bonds. 


Ihe lack ,if reaclivilx of ll’l' lok.irds 'o. parallel* the extremrlx low -eactixllx noted for 
trails I iseihxl • (lentene lV>l, a lok m>>|eciil ;r weiKht aiialoK of ll'l'. 


1.1 IMI1 (.’..1 I’lMI lim 1,1 BUrMilIM) 

\ poixner kith tet rasubsl iluted double bonds, 1,4 polyi.'.l dimelhx! I ,.1- butadiene I iri'MB, 
i'll I (ill i)»i'li II i)i1l.- , kith Cl*. Iran* rat lo x|-.1), k.i* found lo react xerx rapidix kith 'il_. 
lo vield nek ex><net hv lene .md t risubst itiited double bonds if). Ihl* Is shokii by nek band* 
at ii« Ilk’ll', I’.l and II.) ui* iboth due lo -I'lkl’ll )•) and al II.H i.ai l ij»i'll ) in Ihe IK 

s|H‘clriii» of l|);.re.icted riflB ,Iik. I''. Ihe latter had an \' xaliie of l>.9b and an oxvKen up 
take of n.lt’ 0_>/nk<noiner unit, coordinates khicb fortu<tou*lx fit the f -0. uptake plot for 
CIS I'll' (I IK. .1). iKice .iKain, the S.R u" |>eak is due lo residual I'l 

I iKtire IS shi’k* Ihe **1 \MK spe» I rtisi of Ihe 'l>; reacted l'l>*IB aloiiK kith tentative ass i Kiuw'iit * 
of the Bviior resonances. Unforlunalelv, a sami’le of riWB kith either a xerx hiKh cl* or a 
hiRh Iran* structure ka* lu’l available', such a p«>lxi»x-r could haxe yielded simpler * ’f spectra. 
In anx case, Ihe 'O- I'lmiH reaction appear.. *t raiyhl lorward and lead* lo llie expected proxlucls 
111 accordance with react ion I, However, the hx droperox id i zed I'l’MH was iiuile unstable. Ihl* 

I* shown bv the peak around i b ppm which increased in intensitx as the s.imple accuimil.ited 
additional transient* in ihe ' 'f spec I row t e r . lhat peak presum.ibl v represents epoxides 

which can form IhrouKh the follt’kiiiK prove** (.”1 
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oniiR mu'RRs hirii c-i' bom's 

Iron the foreKOiiiK, it woulkl be espeeteJ that ne.irlv all hvklroe.irbon pkilvners containiiiK 3i-, 
t ri - or tet rasiibst itutOkl Jouble bonkis, either in the backbone or in siJechains, coiilJ react 
(kith *0, . An»>nK the |>olkHK‘rs v>hich fall into this broatl cateRory are variknts biitakliene or 
isoprene coivl>’ners. Kabek anJ R.inbv U.l-’l recently reporteJ on the klye photosensi t i :ekl 
oxiklatlon of a bulakliene. styrene copolyim-r (SBKI anJ a polystyrene-polvbntadlene block copoly 
nier ISolprene). fhe chanRes observed in the IK spectra of these Ck'|H>lyiners after treitiiK-nt 
(kith '0_ sere attributed to chanROS associated with singlet oxyRonation of the butadiene 
;inits, the stvrene units being inert. 

finally, we m.iy note that an I I'HM synthetic rubber, comprising ethylene, propylene and 






rlhyliurn* norbomrne, can at»o rvact mth 'O; ihruuKh ihi* tnvoIvvBvnt of iti ponjcut JouMr 
l<onJ* I'll*) • 
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Kraction In l* an IntrrrattnK r»aii^'lr of a smulrl oav^natlon of an un«aturatcJ (lolvBirr ahich 
■ay finj I'racllcal application inatraJ of l>cinc Jrlrtcruu*; In thit ca*r, trcatiwnt of I ri>M 
kith *0; cau»c» thia rlaatoowr to have iaprovctl »rlf aJhoalon or tach, an laportanl property 
affectini: It* u»e in ruhher technolony (41). 

hiNiTiis Of piiorosiNsiTi:in oxinAnofi 

The phot o*en«il lied oxidation of varlou* unaaturaled |k*ly»er» can be de»crlbed hv the kinetic 
*chrar establlahed for *lnple olefin* ( III, IH,4. ) : 
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khere S i« *rn»iti:er and \ i* acceptor, lor sen»ltl:er* kith triplet enerijy in excr** ol 
kcaWnole, *uch as I'l iJ.’.il), MB (.4^.01 or RH (4J.0 kcal'Molel, the cnerKv transfer 
react ion I'b i* verv efficient. Stoadv. state treataent of reactions I'a-d lead* to 

/ \ 

■'■(AOjI •‘•('Ojl • ’’ 

khere I denotes i|uantua yield, lor an acceptor khich is sufficiently reactive and or is al 
hich enough concent rat ion to tpiench or react kith all the l|V before it decays to the ground 
state. k^.|X) >■* kj. and the reaction i* ;ero order in acceptor, fhl* situation obtain* kith 
MB-pholosen*it i:ed oxidations of els and trails fonss of I’ll’, I’BP and I’lll', as evidenced by the 
tvpical slralt;ht line plots shown In I'ir. li'. The conparatlve kinetic runs kere carried ou’ 
under identical conditions of visible li|;ht irradiation, and of *eiisiti:er and polvnier con 
central ion, in .’S:l l>en:enc-mi-thanol solution, usint; the procedure described ilU,l'). 

■\ numl’er of kinetic plots similar to those in lie. !•* “ere obtained for each of the unsatu- 
rated poly»ers studied in this laboratory; the averaee values of the slope* of such plots 
were used to obtain relative rate constant* fot their reactions with 'O;, as summari:ed in 
Table This table also contains corre*|H>ndine literature data for varlou* simple olefinlc 
analoes, and for several polysH'rs studied elsewhere. Ibe rate constants, k,., are expressed 
relative to that for cis-Pir (k^ • l.i’l. white the k^' values are relative lo that for 
c is-.t.im’lhyl . J.pentene (k^' • l.O), 

As nuy be seen from Table J. the relative reactivities toward* *0- for the unsaturated |Hily- 
mers are similar lo those for their simple sw»no-olef inic counterparts. This reinforce* the 
view develt'ped on spectroscopic grovinds that the mechanisms for singlet oxyisenat ion are fun- 
dament.il ly the same for the two classes of confounds, hhere difference* arise, these must be 
due to secondary processes occurring in the hydroperoxidized |Hilvmers or to interact ions 
between (Hilymer and sensitizer. 
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Pependini; tipim the react ion conditions, sinclet oxyKeii.it ion of imsatiiraled polvmers may fcc 
accos^Miiied by either extensive degradation or scarcely any. Ihus. dye-photosonsit ized oxida 
t ion 111 solution, besides vieldliig allvlic hydroperoxide* with shifted double bond* according 
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table 2 Relative Rate Constann tcK Smglet Ovyqenat>ov< ot Unuturated Poiymen 
and Siniple Oletmic Analog 
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Fig. 19. Coi^arative kinetic plots for the 
MB-photosensit ized ovidation of various 
unsaturated pol.vaers. 


(a) Work in this Laboratory except wtiere noted Ibl cistrans'-l 3 (c) Ref 39 (d) '•‘c 1 6 

"earn « 3 '9' •'t, •'e.n. < T _/=\ (h| Ref « Id Ref 

44. corretpondinq k, values for butadiene styrene arxl butadiene acrylonitrile copolymers are 0 2 and 0 1 
respectively, relative to CIS PIP Ik, • II <|l Ref 38. derived value based on W lk| k k„ .38 
(0 43 oMculated wjiue feUttve to ^=\ II Toos*<w»f for Kturate mejiurefnent 


to rrji'tlon 1, tid* fotiiul to cju«e <hari< kici'ro.isr« In vl*ro*tt)r or aolrvuljr n-iKht of 
I’Bli ll .4 , ,.tj, 5J) . hutadlcnr-«tvrcn<‘ copoivnrr* (1,1^1 and TIP (lol. itn the othor hand. 

hydro|*or«’xldat ion of fl». and 'rani-PIIU in aolutlon, with ‘0.. pissliwod In »itji fro* thermal 
dc>:o«|>o>it ion of t rl|’hcnyl|»hoa| hite osimide, save ri»e to icrticd poivmrr*, wore »o In eta- 
than in trani-PBP, hut in neither iKilymer wa* there chain aciialon rhe |telati>>n i»a» 

aacrihed to formation of peroaiot hrid|tr< reaultini; from partial dico^maltion ot thr hadro 
peroxide*. In contract to tlnulet oxycenat ton in *oliition, thin film* of I’BI* 
and PIP 10. '.HO expo»ed to *0; generated in the y.a* pha*e hv microkaxe dtechariiv. .ire hydr»» 
|>eivxtdl:ed .«t the »iirface only and ex|>erience no de^radat ion, lUmeier, the 'O treated film* 
are unxtahle and dl*play pronoimced autoxidation xheii heated in air alH'ie .100*1' tj;..t0..tj,*.tl 
these same film*. In the absence of air and |ml Into solution, imderico chain sci»«lon when 
irradiated kith near ll\ lijiht lO,'. lo, I.' I . These effect*, fchich are also ohseried for 'o. - 
reacted (vlxmer* obtained by dye photosens It i:at ion l'.lo..V*l, are a consequence of the facile 
thermal or photochemical decom|H>«lt ion of tlie |H<lvmer-iX'll iiroup. 

Ihe sharp decrease in viscosity of els- and traiis-PHO kith tlsie of dve photosiiisitired oxid.i 
t ion in heiwene-siethanol solution (see lii;. J in Kef. II involved concomitant chain scission 
and crossllnkini; ll.liJl. The chain scission k.is due neither to direct action of *0. on the 
P«>lym«*r nor to photodecom|K<sit ion of the h*d rope rox ides since the latter do not ah; orb the 
visible lliiht used In dve photosen* It I: at ton Instead, on the basis of an I SK and ll\ spectro 
scopic study of the photolnduced bleachlii); ol Mb, KabeK and K.*nbv (l.l.tl concluded that chain 
scission kas due to free radicals fonsed In the ll\ - irradiated Vb methanol>lH‘n:ene photi»ensi 
ti;iii|! system. Such radicals, of course, could abstract hvdroiien from the |s>lvmers. thereby 
rendermc them c-en to autoxidative chain scission in the presence ol (•round state oxvyeii Id'l 
Ib'kever, evei witl i decrease in intrinsic viscosity of Pbi* bv a f.ictor of Id IS ( I . I , '.J , .'.11 , 
the resultiiii; hvdro) "roxidized poleraer chain* kould still be sufficientlv 'm.icromcilecular' to 
svike It difficult, if not tmpc»ssible, to detect aiitoxidized end ctoiip* In the IK. Ml or ’V 
SMK s(>cc t r.i . 

be also observed a shari’ decrease in viscositv ot I'BH (or PIP) during sinclet oxvyeiiat ion in 
benzene -methanol solution usinc Mb or Kb i* pliotosensit Izer (.''). On the other hand, khen 
benzene soluble I'l k.is used, obviatinK the need for methanol in the (kvlymiT sensitizer solu- 
tions, no decre.ise in viscosity occurred; inste.id Phi’ or PIP bec.uw somekh.it relied alter 
extensive owren uptake (.f). Ilokever, the products obtained kith il or *n> photosensit izat ion 
despite the dlflerent viscositv effects, kere s|H’ct ro-.copical ly indistinguishable, and ke 
cluise not to pursue the question of molecular keti;hl thaiipes attendinr the photosensit i zed 
oxid.it ion. 

Mthouiih liv'd r<<i>e rox Ides are the m.iin carriers of the photooxid.it ive chain, iheir decom|S>sil ion 
diH‘S not represent an elficlent mechanism for m.iin chilii scission ()>’. this k.is dessmst rated 
by N'r ind laiillet (I'.'.ln) in the ne.ir-U\ photolysis .if cls-PlP hvdro|HTov ide (PlPlli in solu- 
tion in the absence of oxvren. PIPII k.is prepared kith different iXMl contents by reacting cis- 
PIP kith *0. (irodiiced bv mterokave discharge or dve-photosensit iz.it ion. ITie quantum vields 
f.ir hydroperoxide decom|iosll ion ;ind ch.iin scission, 4;xii| anJ <s> respectively, kere found to 
.lepeiid on iXXI content, solvent, and k.iveleiicth and intensitv of l’\ radiation, but Ihe f» iixill 
ritio maintained an .ipproximatelv conslani value of il.Ol l. This rather lok value k.is in 
accord kith Ihe proposc'd mech.inism involviiii; photoiiidiiced rupture of the Ki'-iXI bond (kith 
prisurv quantum yield i'..X), free radical induced ch.iin decoim'osit ion ol the RiXXI i;roups 
(kith overall tixm of the order of .4 to bt. .iiid subsequent .' scission of Ihe raacro.ilkox 
r.idical lilt ermed late, Rl’* (kith 4, of the order of I’.O.t to 0.1). in com|>et it ion kith hydroyen 
abstraction by that ridic.il. these results indicate th.it *0; plays a minor role in the 
photooxid.it ion of polvuk-rs, limited nuinly to the initiation pix'cess and coni ribut iiir onlv 
indirect Iv to Ihe chain scission. 

HIM I.IISli’S 

Ihe (ihotoseiisit ized oxidation or sliiylet oxy yen.it ion of various iins.itui .ited hydroc.irlkvn |H’ly- 
roers folloks the same* ene type reaction, leadiiij; to .illylic hyilnipe rox ides and shifted dv<ul>le 
bonds, .1* do their simjile olefinic counterpart s . ^llhouyh Ihe polymc’r - *0.- reaction d.ie> not 
directly cause deyr.id.it ion (chain scission and or crossi inkiny) , the result iny (W I erne r l c 
hydro|H' rox ides are unstable, especially khen dried, and can deyr.ide as a consequence of 
incidental tlierni.il or photochemical decom|Hi*it ion of KiXXl yroup*. I’eyr.id.il ion 1.1.1V also 
.iccomp.iiiv the dye-pholosensil izcd oxidation in solution to the extent that the irr.idi.ited dye, 
or r.idicals yener.ited from it. c.in attack Ihe dissolved (xilv-mer. 
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oxyyen.it ion stiulies carried ou* in this labor.itory and cited in the 
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